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Abstract 
The electrooxidation of methanol in both acidic and alkaline media on poly-crystalline 
platinum under the regime of cyclic voltammetry is analyzed by application of quadratic 
logistic equation. The current-charge curves in the anodic cycles fit the logistic differential 
equation reasonably well and are accounted on the basis of the non-linearity of the 
kinetics and the effect of positive feedback. In the reverse cycle however, no fit is observed, 
presumably due to the lack of correlation between the net faradaic current and the surface 
charge of adsorbates. 
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Introduction 
Methanol is regarded as an attractive fuel in the fast-emerging fuel cell industry, but despite 
extensive electrocatalytic studies [1-4], there are major problems and kinetic limitations to its direct 
employment. Ample information concerning the kinetics and mechanism and reactive surfaces, as 
well as stable bulk intermediates involved in the methanol electrooxidation reaction (MEO) exist in 
the literature [5,6]. For further amplification of findings, studies on the non-linearity, multi-stability, 
and chaotic behavior of MEO are essential. MEO process is described very well by mathematical 
methods and modeling studies due to: (i) high quality data that either exist or can easily be obtained 
in a using relatively straight forward electrochemical measurements; (ii) the important factors, 
electrochemical or else, can easily be controlled and the responses of the system measured; 
(iii) multitude of correlations can be visualized in electrochemical measurements and in the present 
context, the current-charge (dQ/dt vs. Q) dependency seems to be most suitable. The quadratic 
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logistic differential equation (QLE) [7-9] in the form of a difference for mapping [10,11] in the 
normalized form 
dx / dt = r x (1-x) (1) 
describes the effects of feedback, as well as the effect of parameter r on the value of normalized 
variable x (0 < x < 1). On the one hand, Eq. (1) is associated with the intrinsic rate of the process 
under study. On the other hand, it describes non-linearity and chaos in the dynamics of the process 
in a simple way, by illustrating these phenomena through working with only one variable. For r > 3 
the value of x progressively turns to a periodic motion and for 3.5699…< r <4 it behaves chaotically.  
Eq. (1) can be alternatively written as: 
xi+1 = r xi (1-xi) (2) 
where consecutive values of x can be worked out on the basis of a set of initial values [12], while 
the term (1-x) surely guarantees non-linear effects. 
In the present study, a new approach is presented in an order to understand the methanol 
electrooxidation dynamics, both in acidic and alkaline solutions. This approach is based on the 
quadratic logistic equation that has been used extensively, as an example of simple equation with 
only one degree of freedom that illustrates occurrence of bifurcation and chaos in dynamical 
systems [9]. 
Experimental 
 Materials and methods 
Sodium hydroxide, sulfuric acid and methanol used in this work were of reagent grade of Merck 
origin and used without further purifications. All solutions were prepared with distilled water. 
Electrochemical experiments were carried out in a conventional three-electrode cell with platinum 
wire, exposing the surface area of 0.25 cm2, as the working electrode and its potential monitored 
against the saturated Ag/AgCl reference electrode. A large platinum sheet was used as the counter 
electrode. All electrochemical measurements were performed at room temperature. The cell was 
powered by a µ-Autolab potentiostat/galvanostat run by computer through the GPES software. 
Charges were calculated by integrating the area under voltammograms left after correction for the 
background. All potential values were further converted and reported relative to the normal 
hydrogen electrode. 
Results and discussion 
Figure 1 shows typical cyclic voltammograms (CV) representing MEO on polycrystalline Pt in 
0.5 M sulfuric acid (a) and 0.5 M sodium hydroxide (b) solutions. In both systems, methanol 
concentration and potential sweep rates were 0.1 M and 20 mV s-1, respectively. The large peak 
observed in the anodic half cycle is believed [13,14] to be due to the oxidative stripping of protons 
from the adsorbed methanol molecules to form strongly adsorbed intermediates of COHads and 
COads. Their subsequent reaction with OHads (or alternatively with OH-aq) at higher over-potentials 
yields the final oxidation products [3,15]. Carbon dioxide or carbonates are the final products and 
the surface remains largely covered by OHads species at the end of an anodic half-cycle. Desorption 
of this species in the reverse potential sweep creates vacant active sites and promotes continuation 
of methanol oxidation with a spurt of anodic current until the potential became so cathodic that 
neither oxidative stripping, nor the follow-up reactions can occur to any significant extent. Higher 
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anodic currents met in the alkaline solution is due to abundance of available hydroxide ions. It has 
been suggested that formation of OHads from alkaline solutions is more kinetically favored over that 
from acidic media by energy roughly corresponding to that of water ionization [16,17]. Surely, the 
higher currents attainable in alkaline media are off-set by formation of carbonates, which is 
undesirable, as far as the fuel cell industry is concerned [18]. 
 
Figure 1. Typical cyclic voltammograms representing MEO on polycrystalline Pt in 0.5 M sulfuric acid (a) and 
0.5 M sodium hydroxide (b) solutions comprised 0.1 M methanol. Potential sweep rates are 20 mV s-1. 
Figure 2a illustrates the galvanostatic scan of MEO on Pt electrode. Current sweep rate was  
10 µA s-1. A hard transition from oscillatory to stationary behavior is seen at high current, while a 
soft supercritical Hopf bifurcation is discerned at low current. The potential-time series of methanol 
electrooxidation on Pt electrode with the anodic current step of 300 µA is represented in Figure 2b. 
After approximately 3 s, a periodic pattern was observed, which was followed by an aperiodic 
oscillation as an indication of chaotic state.  
In the mechanistic front, it is believed that the current at low potentials is controlled by the 
oxidative decomposition of adsorbed methanol and formation of COHads and COads species [19-21]. 
It is conceivable [21] that three adjacent surface sites are initially required for the formation of 
COHads according to the following mechanism: 
CH3OH + Pt Pt-CH3OHads (3) 
Pt-CH3OHads Pt-CH2OHads + H+ + e (4a) 
Pt-CH3OHads + OH- Pt-CH2OHads + H2O + e (4b) 
Pt-CH2OHads + Pt Pt2=CHOHads + H+ + e (5a) 
Pt-CH2OHads + Pt + OH-  Pt2=CHOHads + H2O + e  (5b) 
Pt2=CHOHads + Pt  Pt3≡COHads + H+ + e (6a) 
Pt2=CHOHads + Pt + OH- Pt3≡COHads + H2O + e (6b) 
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Figure 2. (a) Onset of sustained potential oscillation in the galvanostatic scan on polycrystalline Pt  
in 0.5 M sulfuric acid comprised in 1 M methanol. Current sweep rate is 10 µA s-1, 
(b) Potential-time response of methanol electrooxidation on polycrystalline Pt in 0.5 M sulfuric acid 
comprised 1 M methanol. Current step is 300 µA. 
Up to two of these sites, however, are subsequently liberated in the course of reactions yielding 
bridged or linearly bonded CO species [14]: 
Pt3≡COHads  Pt2=COads + Pt + H+ + e (7a) 
Pt3≡COHads + OH-  Pt2=COads + Pt + H2O + e (7b) 
Pt3≡COHads + Pt-OHads  Pt2=COads + 2Pt + H2O (8a) 
Pt3≡COHads + Pt-OHads  Pt-COads + 3Pt + H2O (8b) 
Regeneration of active sites through the processes involving OH species can just partly promote 
continuation of methanol adsorption and more importantly, it seems that this regeneration needs 
three adjacent sites with a C3v symmetry as a pre-requisite [22]. Therefore, dissociative adsorption 
of methanol should follow a self-feeding mechanism, where surface diffusion of adsorbates 
accompanies flow of electrons into external circuit and subsequent regeneration of vacant active 
sites. Surface diffusion of reaction intermediates has also been proposed in other research article 
[22], especially for interpretation of higher electrocatalytic activities of alloys compared to pure 
platinum. In this regard, although CO is known to strongly adsorb, its surface mobility on platinum 
and some of its alloys has been reported [23-25]. Indeed, this feedback is more clearly visualized 
through the “cleaning” of the surface according to the following reactions [13]: 
Pt2=COads + Pt-OHads  PtCOOHads + 2Pt  (9) 
Pt-COOHads + Pt-OHads  2Pt + CO2 + H2O  (10) 
Overall, the anodic oxidation of methanol on unmodified polycrystalline platinum seems to be 
coupling of the faradaic processes and surface transport of adsorbates. This is characteristically a 
non-linear and dissipative process, which must be influenced by feedback. Non-linearity, dissipation 
and feedback in a dynamic system are clearly represented in the logistic map [26]. Figure 3a and 3b 
present the current-charge (time derivative of charge vs. charge) dependencies obtained from the 
anodic half cycle voltammograms of Figure 1. In order to make comparative plots like those in 
Figure 3, it was necessary to normalize the logistic equation by setting r=4, and to normalize other 
quantities by dividing them by their maximum values. It has been observed that data was fitted the 
logistic differential equation quite well (with the correlation coefficient of 0.98), what indicates 
chaotic nature of the MEO dynamics. Chaotic switching in the oxidation of methanol carried out 
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under the regime of cyclic voltammetry has already been observed by Schell and Cai [27]. Figures 
4a and 4b represent the current-charge dependencies of the cathodic half cycle measurements and 
the related attempted logistic equations. No fit has been observed. Apparently, in the cathodic half 
cycle the initial partial desorption of hydroxide ions surely promotes further dissociation and 
oxidation of methanol. However, in the further cathodic domains these two effects are no longer 
cooperative They are virtually independent and merely controlled by the potential itself with no 
feedback imposed by presence of one upon another. Consequently, no fit to the logistic equation 
with one degree of freedom is expected. MEO on polycrystalline platinum electrodes in both alkaline 
and acidic media seems to follow the non-linear electrocatalytic dynamics, which is characterized 
by regeneration of active sites in the course of an anodic potential sweep. This process complies 
with the logistic differential equation. It seems that the processes ensued in the cathodic half cycle 
of the potential sweep are not controlled by the feedback mechanisms and do not fit the logistic 
equation. 
 
Figure 3. Time derivative of charge (current) vs. charge dependencies of the anodic half cycle 
voltammograms of MEO on polycrystalline Pt, normalized with respect to corresponding 
maximum values and theoretical curves: (a) acidic solution, (b) alkaline solution 
 
Figure 4. Current-charge dependencies of the cathodic half cycle voltammograms of MEO and 
the related logistic maps: (a) acid solution, (b) alkaline solution. 
Conclusion 
The electro-oxidation of methanol on platinum was analyzed by quadratic logistic equation 
indicating domination of two different behaviors in the anodic and cathodic (reverse) half cycles. In 
the anodic sweep, positive feedback controlled the reaction kinetics, while, the reverse sweep did 
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not obey the logistic map. The results can be of importance in the analysis of the output of the 
hydrocarbon based fuel cells and the approach is expandable to other direct electrode processes. 
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